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PREDICTED AND MEASURED AERODYNAMIC CHARACTERISTICS
FOR TWO TYPES OF ATMOSPHERE-ENTRY VEHICLES*

By Leland H. Jorgensen and Lawrence A. Graham
Ames Research Center

SUMMARY

Models representative of the Apollo and Polaris vehicles have been tested
at Mach number 17 in the Ames arc-heated aerodynamic wind tunnel, and force
and moment data from these tests and from previous tests in other facilities
at lower Mach numbers have been compared with each other and with theoretical
results. The angle-of-attack range covered for the Apollo-type vehicle was
from O° to 180°. For the Polaris-type vehicle the study was limited to angles
of attack near 0°. A review is given in the report of some of the more trac-
table theoretical methods for computing the aerodynamic forces and moments,
and, in some instances, new formulas are derived.

For the Apollo-type vehicle it is shown that the trends of the aerodynamic
characteristics with angle of attack can be predicted reasonably well by modi-
fied Newtonian theory, although the magnitudes of the coefficients at angles
of attack near 0° and 180° are not satisfactorily predicted. The primary trim
angle of attack and lift-drag ratio are predicted closely by the theory and
remain essentially fixed throughout the supersonic-hypersonic Mach number range.
At 00 angle of attack (conical portion forward) the prediction of the axial-
force coefficients can be noticeably improved by the combined use of modified
Newtonian theory for the blunt vertex and sharp cone theory for the conical
portion. At 180° angle of attack axial-force coefficients can be computed
closely by the method of NASA TN D-1423. There is negligible contribution of
afterbody pressure on total axial force at Mach numbers above about 5. There
is, however, an effect of vehicle orientation on the measured afterbody pres-
sures, the afterbody pressures being two to three times greater for the vehicle
at 180° angle of attack than at 0°.

For the Polaris-type vehicle the present study demonstrates the inadequacy
of Newtonian theory in estimating lift and static stability. Other simple
theoretical methods are presented which predict the 1ift and stability reason-
ably well. It is shown, however, that the accuracy is enhanced primarily by
the prediction of the flare contribution to the 1ift and stability. Further
effort is required on the prediction of the cylindrical-body contribution. For
very high flight speeds, theoretical calculations show that flare stability
should increase if there is a change in the flow state near the body from
equilibrium to frozen.

*Pitle, Unclassified.




TOON DR

INTRODUCTION

For the design and trajectory studies of blunt entry vehicles the aero-
dynamicist should know the aerodynamic force and moment characteristics
throughout a wide range of Mach numbers. Often in the past there has been
little or no experimental force and moment data upon which to draw, and theo-
retical estimates without experimental verification have been employed. This
has been particularly true for hypersonic Mach numbers because of the scarcity
of appropriate test facilities. To help provide force and moment data as well
as other aerodynamic information for typical entry-type vehicles at hypersonic
Mach numbers (and at desired angles of attack), the Ames arc-heated aero-
dynamic wind tunnel was recently brought into operation. Following initial
calibration of the test stream, force and moment data were obtained at a Mach
number of 17 for blunt-nosed models resembling the Apollo and Polaris vehicles.
These configurations were selected primarily because the theoretical proce-
dures which are verified for them can be readily applied to a variety of
vehicle shapes. For example, Apollo-type models tested at angles of attack
near 0° and 180° provide information for a slightly blunt large-angle cone
with little afterbody as well as for a very blunt nose (spherical segment)
with conical afterbody. Polaris-type models with and without flare provide
information for a blunt nose with a short cylindrical aftersection, for a
stabilizing flare in a body flow field, and, of course, for a complete nose-
cylinder-flare configuration. Thus, to obtain information applicable to a
variety of shapes, Apollo-type models were tested at angles of attack from 0°
to 180°, and Polaris-type models, with and without afterbody flare, were
tested at angles of attack from 0° to 12°.

In this report, data are presented from these tests at Mach number 17 and
from previous tests in other facilities at lower hypersonic and supersonic
Mach numbers. No attempt has been made to include all available data, but
enough are included to demonstrate the primary effects of change in Mach num-
ber on the forces and pitching moments throughout the supersonic-hypersonic
range.

In conjunction with the recent arc-tunnel tests at Mach number 17 a study
has been made of some of the more tractable analytical methods for computing
the forces and moments. Existing formulas have been reviewed, and, vwhere
necessary, additional formulas have been derived. As an aid in assessing the
methods, computed forces and pitching moments have been compared with experi-
mental results throughout the Mach number range from about 2 to 17.

The objectives of this report then are as follows: first, to present the
recently obtained experimental results; second, to review pertinent details
of the analytical study; and third, to discuss the comparisons of the computed
with the experimental results. Because the experimental tests at Mach number
17 were the first to be conducted in the Ames arc-heated aerodynamic wind
tunnel, the report also includes a brief description of the experimental
apparatus, the results of the initial stream calibration, the test methods,
and the data reduction procedures which were employed.
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NOTATTION

nozzle cross-sectional area, ft2

axial force

a0

axial-force coefficient,

drag coefficient,

ng

1ift coefficient, L

qu

piteching-moment coefficient measured about the reference center

pitching moment
dod

for Poclaris-type vehicle

shown in figure 6(a) or 6(b),

for Apollo-type

pitching moment

quZ

initial slope of the curve of pitching-moment coefficient versus

vehicle and

dCy, .
angle of attack, = , per radian
=0

normal force

qu

slope of the curve of normal-force coefficient versus angle of

normal-force coefficient,

dCy .
attack " , per radian
=0

P - Py
e

stagnation-point pressure coefficient,

pressure coefficient,

drag, 1b

maximum face diameter of Apollo-type models and cylindrical diameter
of Polaris-type models, in.

maximum diameter of flared afterbody, in.
enthalpy, Btu/lb

1lift, 1b

model length, in.

distance from moment reference to transverse element measured along
the body axis (see sketch (a)), in.

Mach number




Re

Refr

S'

cp
XF1

X,¥s2

o
static pressure, atm

dynamic pressure, 1b/ft%

universal gas constant, 1545 ft-1b/mole °R

Reynolds number based on d for Apollo-type models and on ¢ for
Polaris-type models

effective nose radius of calorimeter, ft
radius, in.

reference area: maximum cross-sectional area of Apollo-type models
and cylindrical cross-sectional area of Polaris-type mcdels, in.2
Btu

entropy
’ (Initial mole of air)®R

distance from apex of the model to orifice, measured along body
surface, in.

temperature, °k or °R as specified

speed, ft/sec

weight flow, 1b/sec

center-of-pressure position from nose or shoulder as specified, in.
distance from moment reference to cylinder-flare juncture, in.
distance from nose-cylinder shoulder to moment reference, in.

distances in the Cartesian coordinate X,Y,Z direction, respec-
tively, in.

ratio of molecular weight of undissociated to dissociated gas
angle of attack, degrees or radians as specified

isentropic exponent, g_%E_B
n
8

angle between the body center line and the balance center line, deg
angle between wind axis and the surface of a body element, deg
angle between the body center line and the element surface, deg

expansion angle, rad




cyl

F1

sh

trim

density, slugs/ft>

roll angle of surface element, referenced to Z axis, positive
counterclockwise locking downstream, deg

limiting value at which the surface element becomes parallel to
the free-stream direction, deg

sonic point

Subscripts
afterbody
body
base
cone or compression
cylinder
element or expansion
flare
nose
spherical segment
shoulder
reservoir or total condition
trim condition
wall condition
free-stream condition
condition ahead of normal shock

condition behind normal shock
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Conversion From Units in This Report to SI Units
(i.e., International System of Units)

To convert from To obtain
Physical gquantity report units Multiply by SI units
Altitude £t 0.3048x10-3 km
Area £t2 9.290x10-2 m2
Density slugs/ft> 5.154x102 kg/m>
Dynamic pressure 1b/ft2 47.88 N/m
Enthalpy Btu/1b 2.324x10% J/kg
Force 1b L. 4h8 N
Heating rate Btu/sec-ft2 1.135 W/ cm2
Length ft . 3048 m

in. 2.540 cm

Pressure atm 1 atm
Speed ft/sec . 3048 m/sec
Weight-flow rate 1b/sec 4536 kg/sec

EXPERIMENTAL APPARATUS, TEST METHODS, AND DATA REDUCTION

Test Facility

The tests at a nominal Mach number of 17 were conducted in the Ames arc-
heated aerodynamic wind tunnel. This tunnel is one of several operating from
a common vacuum system. Component parts of the tunnel which include the arc
heater, nozzle, test chamber, and diffuser are identified in the photographs
of figure 1. The arc heater (figs. 1(a) and (b)) is of the type described in
reference 1, having concentric copper-ring electrodes and being water cooled.
Running times of over a minute are maintained for typical tunnel reservoir
conditions of 68 atmospheres pressure and 1000 Btu/lb enthalpy. A contoured
throat section connects the arc heater unit to a conical nozzle of 8° half
angle and 24-inch exit diameter. Various interchangeable throat sections can
be used, depending upon the desired Mach number in the test section. For the
present investigation a throat section of 0.218-inch diameter was employed to
obtain a nominal Mach number of 17. Flow from the arc heater through the
nozzle is discharged as a free jet for 24 inches in the test section and then
is entrained by the diffuser (fig. 1(c)). A model support system in which
the angle of pitch in the horizontal plane can be remotely controlled is used
to vary the support angle of attack between the limits of *60° (fig. L(c)).

A remotely controlled stream-survey apparatus that will move a rake (fig. 2(a))
to desired test positions is also available for use in the calibration of the
test section.
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In addition to the components shown in figure 1 the facility has support-
ing equipment consisting of a high pressure air supply, a five-stage steam
ejector vacuum system, and a rectifier-type dec power supply. The air supply
system provides 3000 psi air at the rate of 0.7 1b/sec. The vacuum system is
capable of maintaining a pressure of about 100 microns of mercury in the
plenum chanber for a flow of 0.3 pound of air per second. The power supply
is rated at 15 megawatts.

Determination of Stream Properties

Properties of the test stream required for reduction and analysis of the
model force and moment data included Mach number, total enthalpy, dynamic
pressure, and Reynolds number. In order to determine these properties from
tunnel-flow measurements the flow was assumed to be in equilibrium, and the
charts of reference 2 were used. The effect of departure from equilibrium
flow on the Mach number, dynamic pressure, and Reynolds number is discussed in
a later section on Reduction and Precision of Data.

To determine the distribution of Mach number in the test section, pitot
pressure p, was measured in the test section and total (stagnation) pres-

sure Py, aﬁd total enthalpy hg in the reservoir. Pitot pressures from a

remotely controlled survey rake (fig. 2) were measured with commercially
available strain-gage transducers. The total pressure py, 1in the reservoir

was measured with a Bourdon tube gage, and the total enthalpy htl was deter-
mined by the "sonic-flow" method (see, e.g., ref. 2, 3, or 4) in which hy
is given as a function of the measurable parameter W/ptlA*. For this param-

eter the weight-flow rate w was measured with a venturi meter, and A¥ was
taken as the area of the nozzle throat. Typical axial and radial distributions
of measured ptg/Ptl and the resulting values of Mach number determined from
reference 2 are presented in figure 3. It can be seen (fig. 3(c)) that near
the tunnel center line there was a small increase in Mach number in the axial
direction from the nozzle exit to the survey-limit station 12 inches down-
stream. In the radial direction (fig. 3(d)) the gradients were also small
near the tunnel center line where the noses of the models were positioned for
all tests. As expected, the survey results showed the flow to be axially
symmetric.

During the survey tests it was found that fairly large variations in
total enthalpy from the desired value (hg, = 1000 Btu/lb) had little or no
effect on the Ptg/Ptl distributions (see fig. 4). The effect on Mach number,

however, is noticeable (ref. 2), and for most of the testing the variation in
total enthalpy was held to within about *100 Btu/lb to keep the Mach number
deviation within *0.1 at a given stream position.

Because accurate values of total enthalpy are necessary for determining
the stream properties from reference 2, the total enthalpy determined by the
sonic-flow method was checked by an alternate method in which heat calorimeters
are used in the test stream. For this method a simplified form of the Fay and
Riddell heating-rate solution (ref. 5), as employed in references 3 and 6, was

<RSI RNSii 7



used. For conditions corresponding to a Prandtl number of 0.72 and a Lewis
number of 1, the total enthalpy in Btu/lb was determined from the simple

relation,
i /R
_ q eff +
ht i 0. 0[1-2 ptg hw

where é is the measured heating rate from the calorimeter in Btu/sec—ftz;
pPt, 1s the pitot pressure in atmospheres; Rerr 1is the effective calorimeter

nose radius of curvature in feet; and hy 1is the anbient wall enthalpy in

Btu/lb. For the present investigation calorimeters of the type shown in fig-
ure 2 were positioned on the survey rake at radial intervals of 2 inches, and
the radial heating-rate distribution was measured at axial stations of 2 and
12 inches downstream from the nozzle exit. The value of Reffr (equal to
0.0788 foot for the calorimeters used) was determined from reference 7, and
hy (equal to about 130 Btu/lb) was determined from reference 8. From the
surveys it was found that the radial heating-rate distributions were almost
constant over a flow diameter of at least 12 inches (see fig. 5). The result-
ing average value of ht, (about 980 Btu/lb) was only slightly less (within
about 50 Btu/lb) than the value determined by the sonic-flow method. In addi-
tion, the calorimeter surveys indicated that there was only a small loss in

hy o (about 30 Btu/lb) from the station at 2 inches from the nozzle exit to the
one at 12 inches.

Models, Balance, and Support

The models tested resembled the Apollo capsule and an early version of
the Polaris entry stage (see figs. 6(a)and (b)). For convenience of identi-
fication, they were referred to as the Apollo-type and Polaris-type models.
Apollo-type models with face diameters of 2.25 and 5 inches were tested.
Polaris-type models with a cylindrical diameter of 2.5 inches were tested with
and without the stabilizing flare.

A1l models were mounted on a six-component balance (fig. 6(c)) which was
attached to the variable angle-of-attack sting support. The angle of attack
of the sting support was remotely controlled and, as previously stated, could
be varied within the maximum limits of #60° during a run. However, in order
to reduce the effects of sting interference, the Apollo-type models were
mounted on the balance at several offset attitudes (see figs. 6(d) and (e))
so that sting angles of attack no greater than i3oo were used over most of the
model o range from O° to 180°. The Polaris-type models were mounted only
from the base with the bodies alined with the sting support (see lower half
of fig. 6(b)).

Tests
Balance measurements of normal force, axial force, and pitching moment

were made for all models at a free-stream Mach nunber of about 17.2. This
Mach nunber was determined from the stream surveys previously discussed and

8 «-SONTTERNN




existed at the forward location of the models (on the tunnel center line about
11 inches from the nozzle exit). All models were positioned on the support
mechanism so that the forward portion of each model remained at about the
same tunnel location for all runs and for each angle of attack. The Apollo-
type models were tested at angles of attack from O° to 180°, and the Polaris-
type models were tested at angles of attack from 0° to about 12°. For all
runs the free-stream total pressure py, Wwas about 68 atmospheres, and the
total enthalpy ht, was about 1000 Btu/lb. For these conditions the free-
stream Reynolds number, determined from reference 2, was about 6.3x10% per
inch. The resulting Reynolds numbers based on face diameter for the Apollo-
type models and on length for the Polaris-type model were as follows:

Model type Size, in. Rex107®
Apollo d =2.25 0.01L4
Apollo d = 5.00 .032
Polaris 1 =17.78 .09

Afterbody pressure was measured in the region of the sting-body juncture
over the complete angle-of-attack range. The location of the pressure orifice
in relation to the model and support is shown in figure 6(f) for the 5-inch-
diameter Apollo-type model at o = 180°. Pressure was measured with a commer-
cially available pressure transducer. Limited pressure tests were also made
with the 2.25-inch-diameter model oriented at « = 180° and mounted upstream
in the conical nozzle at a Mach number of 1L4.2 and at a Reynolds number of
about 0.023x108.

Reduction and Precision of Data

All of the force and moment data have been reduced to coefficient form
and are referred to both the body and wind axes systems (see fig. 7).
Pitching-moment coefficients were taken about the model reference centers
shown in figures 6(a)and (b). All coefficients for the Apollo-type models are
based on the maximum (face) cross-sectional area, and the corresponding diam-
eter is taken as the reference length for the moment coefficients. Coeffi-
cients for the Polaris-type models are based on the cross-sectional area of
the cylindrical section, and the model length (1 =7.78 in.) is taken as the
reference length for the moment coefficients.

In the reduction of the data to coefficient form, it is particularly
important that the correct value of free-stream dynamic pressure ¢, be used.
Since equilibrium nozzle flow was assumed in this investigation, the question
arises as to whether g, would be changed significantly for a tunnel flow
that has departed appreciably from equilibrium. Yalamanchili in reference 9
indicates that, for conditions similar to those of this investigation, the
flow will "freeze" rapidly downstream of the nozzle throat at about an area
ratio of A/A¥* = 2 (or M, = 2). For the assumption of equilibrium flow to
Mw = 2 and then flow with frozen chemical reactions and frozen molecular
vibrations downstream, the authors of the present report calculated a test
Mach number of about 18.0 as compared to the eguilibrium value of 17.2, but

RN 9
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there was negligible change in the computed dynamic pressure de+ 1n view of
the insignificant effect on g, 1t is felt that any uncertainty in Mach
number as a result of nonequilibrium flow may be of minor importance. There
was also negligible change in the computed Reynolds number as a result of the
frozen flow assumption.

The precision of the final data is affected by uncertainties in the
measurement of the forces and moments, and in the determination of the dynamic
pressure used in reducing the forces and moments to coefficient form. These
individual uncertainties result in estimated over-all uncertainties as
follows:

a % 0.1°

Cy * 0.03 CL * 0.02
Cp £ 0.03 Cp + 0.0k
Cm = 0.005 (Apollo-type model)
Cm * 0.003 (Polaris-type model)

Any effects of possible sting-support interference and base pressure on the
models have been neglected in reducing the data and estimating the precision.

Several repeat runs were made for each set of test conditions, and the
data presented herein represent the arithmetic average of measured coeffi-
cients from the various runs. Generally the repesatability of the measurements
was well within the estimated precision.

ANALYTICAL METHODS FOR CALCULATING AERODYNAMIC CHARACTERISTICS

In this section of the report some tractable methods are reviewed for
computing the aerodynamic forces and pitching moments of entry vehicles of
the Apollo and Polaris types. New formulas are derived in several instances.
For clarity and convenience the Apollo- and Polaris-type vehicles are consid-
ered separately.

Apollo-Type Vehicle

Modified Newtonian theory.- For a blunt capsule of the Apollo type, the
aerodynamic forces and moments are most easily computed if the Newtonian, or
more accurate modified Newtonian, method is assumed. In the present investi-
gation the modified Newtonian method was adopted, with the local pressure
coefficient given by

= 12
Cp Cpstag sin2 § (1)

where © 1is the angle between a local surface element and the wind axis, and

_ Pty — P,

Cpstag = q,

10 .
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General expressions for the force and moment coefficients (referenced to
the body axis) can be written as (e.g., ref. 10)

C - 8t flfﬂC(—cos or dg af > (2)
N a2 o cpl 1Y) A

Cp = -§E-J[\lu/\ﬁ Cp(~tan 6)r 4 X (3)
A 1d2 o (pl P rag 3 3

and

2 1 T 1
Cp = %/; f Cp(—cos QT —Zﬁ do d<3cz-> (4)

P1

where the diameter d 1s taken as the reference length in Cp. The angle ©
is the roll angle of the surface element as illustrated in sketch (a), and @,

is the limiting value of ¢ at which the surface element becomes parallel to
the free-stream direction.

z b4
L_——’ /1
Lo ¢
ol
o d/2 / 5 r
X‘—-{———— ) —

Moment reference

Sketch (a)

For no angle of sideslip (as was the case for this investigation)

~7 tan 6

= cos 5)
¥1 tan « (
and sin2 & in equation (1) is given by
sin® & = (sin 6 cos o - cos 6 cos @ sin @) (6)
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For the present investigation, values of Cpy, Cp, and Cp were computed
for o from 0° to 180°. Then these results were used for computing values of

CL end Cp referred to the wind axis (see fig. 7).

Significance of stagnation-point pressure coefficient CPstag" It is

obvious from equations (2), (3), and (4) that the force and moment coefficients
vary Girectly with vehicle geometry and with CPstag which, in turn, is deter-

mined from free-stream conditions. Computed aercdynamic coefficients for a
particular free-stream condition can be guickly modified to apply to another
condition by merely multiplying the coefficients by the ratio of the new

CPstag to the old Cpstag‘
A useful approximation for CPstag in terms of normal-shock density ratio
is
o)
=9 . =
Cpstag Py (7)

This relation, which is very accurate at high Mach numbers, was derived by
combining the one-dimensional mass and continuity equations with the Bernoulli
equation for incompressible flow. Equation (7) is convenient to use because
of the availability of charts of pz/poo as a function of free-stream velocity

and altitude (e.g., refs. 11, 12, and 13) or as a function of Mach number M,
and total enthalpy ht in a wind tunnel (e.g., ref. 2).

More refined methods for computing Cp for angles of attack of 0° and

180°.- For shapes of the Apollo type at angles of attack of 0° and 180°,
methods more accurate than the modified Newtonian method are available for use
in calculating the axial-force coefficients. At o = 00 (sketch (b)) exact
inviscid sharp cone theory can be applied for the conical portion of the fore-
body along with modified Newtonian theory for the spherical tip. The axial-
force coefficient, exclusive of base pressure drag, is expressed by (e.g.,

ref. 14)
2 2
2rg 2rg cos 6
(CA) oo = <T> Cag + [1 - <—‘—a—“ Ca, (8)
j___ [ where the contribution of the blunt spherical
8 segment is given by
, @0 T S
o =l < d _ 1 *
CAS ) CPstag (l - sin* 9) (9)
| In equation (8) Cp, is the axial-force coeffi-
XN cient for a cone of half-angle 6. Cone theory
values of CA. as a function of 6 and M, can
Sketch (b) be obtained from chart 6 in reference 15.

12 .




At o = 180° (blunt face forward) the flow-continuity method of refer-
ence 16 can be used to compute the blunt-face pressures and hence the axial-
force coefficient. This method is expected to be inherently more accurate
than Newtonian theory for this shape because it accounts for the effect of the
front-face sonic ring on the pressure distribution. Newtonian theory, of
course, fails to account for the effect of this ring and overestimates the
pressures near the outer edges of blunt bodies. Thus the axial force is over-
estimated, and for more precise calculations another method such as that of
reference 16 is required.

Computation of Cpg and CmOL for angles of attack of Q° and 180°.- For

shapes of the Apollo-type at angles of attack of 0° and 180° CNy, and Cpmg can

be computed by the modified Newtonian theory previously discussed. At o = O°
(conical portion forward) , however, the alternate method suggested for comput-
ing Cp also can be applied. In this method exact inviscid cone theory is
used for the conical portion of the body along with modified Newtonian theory
for the spherical tip. From reference 14 and for the notation in sketch (b),

we write
2
_ [2rg 2 2rg cos 6
<CNOL> o \= ) Clo,s + [1 - <——d Clg, ¢ (10)

I

3 3
- 1 2rg _ 2 _ (2rs cos 6
<ch o 2 sin oN < d > “No,s ~ T5in 20 [l < ! >:ICN@:C

X
iy (CNou>q=o (11)

where the contribution of the blunt spherical segment at o = O° is given by

l_l

_ L 4
Cly,s = 5 Cpstag €05~ © (12)

In equations (10) and (11) CNg,c 1s for a cone of half-angle € at free-
stream Mach number My. Values of CNa,c by inviscid cone theory can be read

from chart 8 in reference 15. Obviously, these equations also can be used with
values of CN o Obtained from the modified Newtonian expression,
2

_ 2
CNa,c = CPstag cos® 6 (13)

Gary T. Chapman of Ames Research Center has observed that from modified
Newtonian theory,
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<éN§> . + (CA)azo = Cpstag (1%)

Equation (14) is applicable for Cy,, and Cp at a = 180° as well as at a = 0°,

A1l of the relations given can be used for Newtonian theory by letting

Cpgtag ©Qual 2. For sharp cones, values of <:CNOL and (CA) ., from Newtonian

=0

theory agree closer with exact inviscid cone theory than do values from modi-

fied Newtonian theory.

Polaris-Type Vehicle

General theoretical approach.- For a Polaris-type vehicle, such as that

in sketch (c), the aerodynamic characteristics are taken as the sum of the
characteristics for the composite parts - nose, flare, and connecting cylinder.

Flare shock

35*, ////

Ug

Bow shock

AN

e
Sketch (c)
f— L
[*_JFP——’
S
Moment reference
Sketch (d)
1k

_?

d
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As for the Apollo-type capsule, modi-
fied Newtonian theory can be used to
estimate the characteristics for the
blunt nose (see previous discussion).
For the flared aftersection cone theory
or Newtonian theory may be applied,
but, as first pointed out by Seilff
(ref. 17), the coefficients must be
corrected for the loss in dynamic pres-
sure from the free-stream to the flare
condition. The effectiveness of the
flare in stabilizing a vehicle of this
type is of prime importance, especially
near the normal flight attitude of zero
angle of attack. In the following
paragraphs a method for calculating the
flare effectiveness and flare drag near
zero angle of attack is reviewed. Then
at the end of this section of the
report an approximate method for esti-
mating the 1ift and stability contri-
bution of the cylindrical portion of
the body is reviewed. Inviscid flow

is assumed throughout the study.

Ilare forces and pitching moments.-
For a conical flare aftersection
(sketch (d)) it was shown in refer-
ence 14 that

2
_9m !
o B [&) e o




Cpgy = etk K%'-)a - 1}0% (16)

[e 0]
and
ir Jffar?
C _ e [( ]>2 l:l F - c X o (17)
T, FL 2 L an S 1 d 3 cos? dp NQ')C 1 NOL,FJ_

d

where Cy_ and Cp, are the coefficients for the cone of diameter d' and
J
half-angle ©°pp. Values of CNOL . and Cp, from cone theory or from modified
)

Newtonian theory can be used. It should be noted that the reference length
for the moment coefficient in equation (17) is the over-all vehicle length, 1.
In reference 18 a second-order shock expansion method was used to obtain the
flare pressure distribution and drag.

Variocus approaches can be employed in estimating the dynamic pressure
dpp in front of the body flare for the assumption of attached flow. In one
method, for example, the continuity equation is used in conjunction with the
oblique shock relations (through the bow shock) and an assumed blast-wave-type
pressure distribution in the flow field between the body surface and the bow
shock (refs. 17 and 19). A weighted average value of dynamic pressure in front
of the flare shock is used for (gpj. The main difficulty with this method is

that the bow shock shape and position must be known. A simpler and more direct
approach is to consider only the pressure on the body surface. Ideal gas
relations are used in conjunction with a blast-wave-type pressure relation on
the body at the body-flare junction. (Justification for this approach is dis-
cussed later in the report.) In this method the dynamic pressure at the flare
root is assumed constant over the flare. Since for a blunt body the dynamic
pressure in front of the flare shock probably increases slightly from the
flare-cylinder junction to the radial position in front of the flare base,
this simple approach can be expected to give an average value of qpp that is
lower than that which exists. The derivation of an equation for the dynamic
pressure by this simple approach is presented next.

Derivation of flare dynamic pressure.- An expression for the ratio of the
local to the free-stream dynamic pressure, qFl/qw, as a function of Mach num-

ber, M., and pressure ratio, pyy/P,, is desired (see sketch (c)). We first
write the thermal state and conservation of energy equations as

p = ERT [thermal state] (18)
and

% um? + hp = % U2 + hy [energy conservation] (19)
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For an ideal gas (constant specific heats),

hpy = CpT
and
h, = CpL,

By substituting equations (18) and (20) into (19), obtain

1 5 y Pm_1 y Py
= u + —_ =z + =
2 “Fl 7 -1opp 2 oo 7y -1 p,
By definition, )
= U 2
dF1 =35 PriYFL
and ?
_ 2 _ 7
qm=%poouoo =§p00M°°2

Hence, equations (22) can be rewritten to give

9F1 _ Pry [1 L2 ] _ 2 (?
e poo (7 - :L)Mm2 (7 - l)lvho2 :

In order to apply equation (23) there is derived an expression for

pFl/g30 in terms of M, and pFl/pw' For isentropic flow,

y
Ppy _ pF%)
ptz ptg

and
P, gm;>7
Pt Pt

For constant total temperature (T, = Tt,),

Pt, _ Pty
Py, Py,

16 . 3

(20)

(21)

(22)

(23)

(2k)

(25)
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Equations (24) and (25) are combined to give

=67 ()] e

For a perfect gas the total pressure ratio across a normal shock is given by
(e.g., ref. 15)

7
D (v + 1)M7 7-1 Y + 1 7~1
2 [? } (27)

Pty | (7 - 1)MZ + 2 M2 - (7 - 1)

Then the expression for pFl/pw, obtained by combining equations (26) and (27),
is

3 v
il
o (7 + 1)M® <p >
pFl = l: \ © (28)
w0 (y - 1)M2 +¢2J L} " 27 (W«? - 1)
7 + 1 ]

The desired dynamic pressure relation, obtained by substituting equation (28)
into equation (23), is

1
7
<7 - l> 1+ =7 > - 1) i (7 —al)Moo2 <1;§> (29)
Y

+ l (2

For use with equation (29) a convenient relation for pFl/poo can be

determined from consideration of blast-wave theory. From the blast-wave anal-
ogy, Kuehn (ref. 20) accurately correlated theoretical and experimental pres-
sures on blunt-nosed cylinders and from this correlation obtained the
expression,

p

oo

A 2 1/2
P = 0.8 [if(”%XCDN }+ 0.55 (30)
a

where x is measured from the nose, and values of f(y) as a function of
are listed as follows:
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7 ()"t
1.2 0.052
1.3 .061
1.4 .067
1.67 .08k

With x taken at the cylinder-flare juncture, p = pyp, and equation (30) can
be used with equation (29) to compute qFl/qJO for attached flow.

In addition to the method just given, qFl/qo0 can be readily computed for

the assumption of equilibrium flow around the body to the flare. TFor this
approach equilibrium-flow charts (e.g., refs. 2, 11, 21, and 22) instead of
ideal gas relations are used with equation (30). The procedure is demon-
strated with sample calculations given in the appendix for a wind-tunnel case
and for a flight case in the earth's atmosphere.

Estimation of body-alone contribution to Ciig, and Cp, -~ Along with the

nose and flare contribution to the 1ift and stability of the vehicle, there

can be a significant contribution from the cylindrical portion of the body

(see, e.g., refs. 14 and 23). Although CN, eyl at a = 0° is zero by both
J

slender-body theory and Newtonian theory, experiment has indicated that the
normal force developed by the cylinder even near zero incidence cannot be
ignored. Seiff (ref. 23) has made the suggestion that the contribution of the
cylinder can be estimated by letting the pressure perturbation due to angle of
attack be given by a linearized Prandtl-Meyer equation applied to the zero
angle-of-attack pressure distribution. In line with this approach to the
problem, the derivation of approximate expressions for estimating CNd,cyl
and Cmu,cyl is presented next.

Exponyon (e

/’——i‘Av~Aa

%( L

f

Compwsmon(d

Sketch (e)

The pressure near the shoulder on the compression side of the cylinder
(sketch (e)) is assumed to be given by a linearized obligue-shock relation
for weak shocks, whereas, the pressure on the expansion side is given by a
linearized Prandtl-Meyer expression. From equations (151) and (174) of refer-
ence 15, we write

from a logarithmic plot of these values it can be shown that
£(7) = 0.098(y - 1)°7%%%,
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P
Psh /Mshz 1

(Aa) (31)

and

Pe _ 1 - TMgh®

Psh IMen® -1

where Dpgp and Mgy are local pressure and Mach number at the shoulder for

a = 0, and p, and pg denote compression and expansion pressures at the
assumed angle increment of 4w = Av in radians. Equations (31) and (32) can
be combined to obtain

<?c - pe> _ Mgy <%s§> AQ (33)
qoo sh Ni Mshz -1 p°° MO02

This expression represents the lifting-pressure coefficient at the shoulder
position in terms of the shoulder pressure pg, at a = 0°. The pressure at
the shoulder can be obtained from a Prandtl-Meyer expansion from the sonic
ring on the nose face. The sonic ring location, 6%, is readily obtained from
the modified Newtonian expression,

(o0) (32)

¥ P
sin? g% = Stz Pta
Pt

with

A
_ -1
%=<l+721>7 for M* = 1
2

It is assumed that 7y 1is constant from the stagnation point to the sonic ring,
so that 7 = Yo

Now it is known (ref. 20) that at about 2 or 3 diameters rearward of the
shoulder the pressure ratio (p/pw) is not that computed from Prandtl-Meyer
theory (psn/Pe) but is given closer by the blast-wave expression, equation (30).
The determination of the pressure distribution just rearward of the shoulder
requires further theoretical and experimen-

tal study. It is assumed as a first esti- X Moment reference
mate, however, that the variation in Xm

pressure from the Prandtl-Meyer value at 7 "T r
the shoulder pgp to the blast-wave value

at the base pp is linear with x. Thus, $ ¢

for the dimensions in sketch (f), t

——1

2@, w B, @] o T
Po B/, Togn [Py Py
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Sketch (f)
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For longer bodies than that considered, a better estimate might be obtained by
using a blast-wave pressure distribution rearward of about 3 diameters from the
nose. It is further assumed (following Seiff, ref. 23) that an expression of

the same form as equation (33) can be used to estimate (p_ - p.)/qa, rearward
of the shoulder; that is, ¢

Pe ~Pe  _ Mon <L> Lo (35)
T g o1 N R

with local M= Msh for short bodies.

For a cosine variation in pressure from the compression to the expansion
side of the cylinder, the resulting changes in Cy and Cy are

P. - P )
Ay ,eyl = gr ‘/;N < < = (36)

and

Z _ N
1 P P ,
&m,qyl = - ey /;N < cqoo = (X - Xm)dx (37)

With equations (34) and (29) substituted into cquations (36) and (37), there
are obtained

. ) hag, Z(,yl> ( m> 1 <_ ( ®> <£_ > (559

and

o

!

R LB £

Mg, eyl M2 Msh (\ sh l l
SR HOR A IRICIIC
<? sh Py, d 2\d

Although the estimative procedure followed herein is similar to that used
by Seiff (ref. 23), the CN@,cyl and Cma,cyl cxpressions are considerably

(39)

different because of the use of different axial-pressure relations. Selff
assumes a blast-wave distribution from the body base to the nose shoulder that
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predicts shoulder pressures of the order of about five to ten times higher
than those obtained by Prandtl-Meyer theory. Hence, his expression for

Clg, eyl gives much higher values of normal force. In the notation of the
J

present report, the blast-wave equation used by Seiff for p/pOO and the

derived expressions for CNOL and Xep (measured from the shoulder) are as

1
follows: s

(%0)

' f(y)IWOOZCDNl/g
P X

d

s 2. /4 L
e * T Sy .

- feyl (42)

P T )

Because of the assumptions involved in the derivation of equations (38), (39),

(41), and (42), they should be applied with extreme caution pending further
study of pressure distributions just downstream of the nose shoulder.

RESULTS AND DISCUSSION

Results from the force and moment tests at M, = 17.2 are presented in
figures 8 and 9 for the Apollo-type and Polaris-type models, respectively.
For the Apollo configuration there is very little difference between the data
for the 2.25-inch and S5-inch models (Re = 0.014x10% and 0.038x10°), and in the
remainder of the report only data from the 5-inch models are used. For the
Polaris configuration (with and without flare) the Cp and Cp data versus o
were used to determine values of Cp, and Cmg (at @ = 0°) which are used in a
latter discussion.

In this section of the report aerodynamic characteristics computed by the
analytical methods outlined in the previous section are compared with the
experimental results for M, = 17.2 and with other available data for lower
Mach numbers. All available experimental data are not included, but enough
data are used to demonstrate the primary changes in the forces and pitching
moments throughout the Mach number range from about 2 to 17. For convenience
and clarity the Apollo and Polaris results are discussed separately.

Apollo-Type Vehicle

Modified Newtonian theory compared with experiment for angles of attack
from O° to 180°.- The degree of usefulness of modified Newtonian theory for
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estimating the force and moment characteristics of Apollo-type vehicles at
hypersonic Mach numbers is demonstrated in figure 8. Here aerodynamic coef-
ficients computed by modified Newtonian theory are compared with experimental
data obtained at M, = 17.2 with models (of diameter d = 2.5 and 5 in.) in
the Ames arc-heated aerodynamic wind ftunnel. It is readily seen that the gen-
eral trends in the variations of the coefficients with angle of attack are
predicted reasonably well by the theory, although the absolute magnitudes at
some a's are not satisfactorily predicted.

Certain general disparities observed between modified Newtonian theory
and experiment at M, = 17.2 also can be observed at lower Mach numbers. They
can be seen from a study of figure 10 where theory is compared not only with
data for M, = 17.2 but also with data for M, = 3.3 and 5.4 (ref. 2L) obtained
in the Ames 1- by 3-Foot Bupéersonic Wind Tunnel. Over this Mach number range
there are no significant changes in the computed aerodynamic characteristics

because Cpsta changes only from gbout 1.78 (the perfect-gas value for

Mo = 3.3 in a cold tunnel) to 1.85 (the value for My, = 17.2 and

he, = 1000 Btu/lb with equilibriuwm flow in a hot tunnel and in the gas cap
ahead of a model). However, there are some changes in the experimental data.
It is very evident that the Cy results (fig. 10(a)) at all Mach numbers are
underestimated by theory at o greater than about 80°. It may be somewhat
fortuitous, then, that the Cp data (fig. 10(c)) are predicted closely over
this o range. At any rate, 1t 1s encouraging to note that the primary trim
angle of attack at o = 1L47° is given both by theory and experiment throughout
the Mach number range (fig. 10(c)). The secondary trim point predicted by
theory at an angle of attack of about 50° does not agree as well with the data.
In fact, at Mo = 17.2 there is not a secondary trim point indicated from these
experimental results. The disparities between the calculated and experimental
coefficients of CL, Cp, L/D, and xcp/d can be observed in figures 10(d)
through 10(g).

Because lift-drag ratio at the primary trim condition (o = 1470) is of
particular importance for entry trajectory and corridor analyses, the varia-
tion of trim L/D as a function of M, 1s presented in figure 11. In this
figure, results from figure 10 are supplemented with data from reference 25
(for M, = 1.5 to 10) and with data (for Mo = 14.2) from a preliminary test
in the Ames pilot arc tunnel (ref. 26). It is seen that the experimental
results are near the predicted constant value of 0.51 at all Mach numbers,
although there is a slight decrease in experimental trim L/D at the highest
Mach numbers in accord with the decrease in CI, with increase in My
(fig. 10(a)).

Comparisons of theoretical and experimental values of Cp versus Mach
number at angles of attack of 0° and 180°.- In figure 12 theoretical and
experimental variations of Cp with Mach number are compared for the Apollo-
type configuration at angles of attack of 00 and 180°. At o = 0° (conical
portion of vehicle forward) the experimental variation of Cp with M, 1is
given closely by cone theory with equations (8) and (9), whereas the modified
Newtonian method underestimates experiment at all Mach numbers (fig. 12(a)).
For this comparison, data from reference 25 are used with the data from the
present investigation to cover a Mach number range from about 1.5 to 17.2.

At o = 180° (blunt face forward) the experimental variation of Cap with M,
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is predicted much closer by the flow continuity method of reference 16 than by
modified Newtonian theory (fig. 12(b)).2 Newtonian theory, which is known to
overpredict the pressures near the outer edges of blunt bodies, obviously
overestimates the axial-force coefficients. It is noted in figure 12 that the
data from reference 25 are for both total and forebody sxisl force. However,
as shown, there is negligible contribution of afterbody pressure on total
axial force at Mach numbers above about 5, and if further refinement to the
calculative process were made to account for afterbody pressure, it would be
of importance only at the lower Mach numbers.

Experimental afterbody pressures.- Although the afterbody pressures have
little effect on the axial forces throughout the hypersonic Mach number range
they should be studied because of possible interest from other considerations
(e.g., afterbody design for heating). In figure 13 experimental data of after—
body pressure divided by stagnation pressure are presented as a function of
Mach number for models oriented at « = 0° and 180°. These data, obtained
from reference 25 and from the present tests for Reynolds numbers from 0.03X108
to 2.4x10%, show that there is considerable decrease in Pa/Pt2 with increase
in M, up to values of M, of about 5, after which the pressures level off.
At the lower Mach numbers (below about 3) model orientation has little or no
effect on the afterbody pressures. Throughout the hypersonic range, however,
the afterbody pressures are consistently lower for the models at o = 0° (con-
ical portion forward). It is not ccrtain whether this effect of model orien-—
tation results from a natural change in the afterbody flow-separation pattern
or from a change attributable to support interference. It is believed, how-
ever, that any effect of the support may be small, since the data of refer-
ence 25 are consistent with the data of the present tests and yet were obtained
with a side support that was much different from the sting support of the pres-
ent tests. It also should be noted that unpublished data indicate an effect
of Reynolds number on afterbody pressure.

Comparisons of theoretical with experimental values of CNy, Cp,, and
xcp/d versus Mach number at o = 0°.- As shown in figure 14 there is close

agreement between theoretical and experimental values of ClNg, Cmg, and xcp/d
throughout the Mach number range for the Apollo configuration at o = Q0°, As
expected, there are only small differences between the results computed with
medified Newtonian theory and with cone theory used in equations (10) and (11).
The comparisons of theory with experiment are of interest because it has been
suggested that conical bodies of about the same cone angle be used to minimize
the sum of convective and radiative heat transfer for ballistic entry at
superorbital speeds (i.e., ref. 27).

Polaris-Type Vehicle

Whereas the Apollo-type vehicle represents a configuration class for
which modified Newtonian theory gives some useful estimates of the force and

2In the computation of (CA)Q=IBOO by modified Newtonian theory, values of
Cpstag Were taken to correspond to the wind-tunnel conditions of M, and ht.
Higher values would be computed for hypervelocity flight cases. Alsc, values
of CD by the method of reference 16 would approach those by modified
Newtonian theory.
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moment coefficients, the Polaris-type vehicle represents a class in which the
Newtonian concept is inadequate except for obtaining the nose contribution
near zero angle of attack. This inadequacy results primarily because the
shock layer does not remain thin and closely wrapped around the body rearward
of the nose but moves out from the body and flare (see sketch (g)), and a
two-shock system results. There is a loss in dynamic pressure from the free-
stream to the flare position which becomes large at hypersonic speeds.

Bow shock
Flare shock
/ QL
Moo
Upg —™
[ o]

Newtonian flow (qF|=q,,)

Mm—>m

Real flow (qF|< Qo)

Sketch (g)

Theory compared with experiment for complete vchicle.- In figure 15
theoretical curves of Cp, CNQ) and Cma calculated by modified Newtonian

theory and by more refined methods which account for the dynamic-pressure 1loss
are compared with experimental results from the present tests and from refer-
ences 28 and 29. The comparisons clearly demonstrate the inadequacy of
Newtonian theory and the merit of other methods (previously outlined in this
report) for use in estimating the aerodynamic characteristics. A few comments
concerning each part of figure 15 are next made for clarity.

In figure 15(a) the drag coefficients at Mach numbers above about L are
predicted reasonably well by the method outlined previously in this report in
which modified Newtonian theory is used only for the nose contribution, and
cone theory with a reduced dynamic pressure is applied for the flare. Below
a Mach number of about 4, however, the experimental results are underestimated
because base pressure, which contributes significantly to the drag only at
lower supersonic Mach numbers, has been neglected in the calculation. For
M, = 17.2 the drag is estimated closely either with the flare dynamic pressure

qpp computed by equation (29) or by the equilibrium-flow method outlined in

the appendix. As previously discussed, equation (29) was derived from ideal
gas relations. In either method, however, the local pressure at the flare
py1 1is given from a blast-wave expression (eq. (30)), and the value of 7

at the nose stagnation point is used. For the experimental tests in the arc-
heated stream at M, = 17.2 an equilibrium 7y value of 1.26 was computed (see
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appendix). It is seen in figures 15(b) and (c), however, that results computed
with 7 = 1.26 (the stagnation value) and 7 = 1.4 (the free-stream value) are
not too different.

In figure 15(b) the experimental Cy, deta are generally overestimated

by modified Newtonian theory (as expected) and underestimated by the other
methods used. The curves computed by the other methods are generally low,
probably because any theoretical 1ift contribution from the cylindrical por-
tion of the body is omitted. Newtonian theory predicts zero Cy, for a cyl-
inder. It is shown, however, that if experimental C}y data for the body
alone are added to the computed flare results there is very close agreement
with the measured results for the complete vehicle. In this regard, note the
comparisons shown at Mach numbers from gbout 3 to 6 and at 17 where experi-
mental body-alone data were availlable.

The Cpm, Vvariation with My (fig. 15(c)), which is completely erroneous
by Newtenian theory, is predicted reasonably well by the other methods. Here
again though, as for Cp,, it appears that a contribution for the cylindrical
body should be included in the prediction to obtain the best agreement. Note
that there is very close agreement between the measured results for the com-
plete vehicle and those computed by adding experimental body-alone values to
computed flare values. Apparently the flare contribution can be predicted
reasonably well.

At this point it may be well to note that for some of the experimental
tests there was visual (shadowgraph) evidence of moderate flow separation ahead
of the flare. This was the case for the tests in the Ames 1- by 3-Foot Super-
sonic Wind Tunnel at Mach numbers below about 6 and Reynolds numbers below about
1.2x10°. Typical shadowgraph pictures from these tests are shown in figure 16.
It can be noted that the flow separated well in front of the flare at o = 00,
but at small angles of attack separation decreased considerably on the wind-
ward lifting side and increased on the leeward side. The force and moment
data from these tests, however, agree well with those of reference 29 which
were obtained from free-flight wind-tunnel tests (Re » 2.5X10%) in which the
separation region near the flare-cylinder junction was very small. Hence, it
is believed that any effects of flow separation on the measured Cp, data
which are presented are small, and comparison of "attached-flow" predicted
results with these data is justified.

Theory compared with experiment for flare alone and body alone.- To
further support the conclusion that the flare contribution to Cy, and Cpyg,
can be predicted reasonably well by the method of this report, results com-
puted for the flare alone are compared with experimental results in fig-
ure l7(a). It is seen that there is close agreement of theory with experiment.
The experimental data were taken as the difference between measured results
for the body with flare and the body alone.

To predict the body-alone contribution to Cljy and Cmg, various analytical
procedures (discussed in the analytical portion of the report) have been tried,
and the computed results are compared with experiment in figure 17(b). The
Newtonian concept predicts only a nose contribution to CNg and Cmg, and it is
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seen that this contribution underestimates CN@,B for the body (nose plus

cylinder) throughout the Mach number range. It is prcbably fortuitous then
that Cmg,B 1S given fairly well at the lower Mach numbers. With the addition
of estimafed cylinder contributions of ClNg,cyl and Cmg,cyl by equations (38)

and (39) to the appropriate Newtonian nose contrlbutlons, the CN@ B Ppredic-
tion is improved, but the Cma B DPrediction becomes worse. The equatlons of

Seiff (egs. (41) and (42)) also fail to predict correctly both the CNg,p and
Cmg,,p results. In light of the large overprediction of CNg,p by the method

of Seiff (ref. 23), it is probably fortuitous that Cumg,p 15 given reasonably
well.

The overprediction of Cpg ,B by the method of Seiff can be traced to the
use in his derivation of CNg,cy1l (eq. (¥1)) of a blast-wave expression

(eq. (%0)) which gives pressures near the nose-cylinder shoulder that are too
high (see fig. 18). (As noted in the analytical portion of the present report,
Seiff in ref. 23 ties the zero-angle-of-attack, blast-wave expression to a
lifting-pressure relation.) Comparisons in figure 18 of theoretical with exper-
imental pressures (from ref. 30) over a Polaris-type configuration confirm that
the pressures at and near the shoulder are given considerably closer by Prandtl-
Meyer theory than by blast-wave theory. Hence, it is not surprising that the
prediction of CNg,B in figure 17(b) is given closer by the use of equation (38)
in which the shoulder pressure is obtained from Prandtl-Meyer theory than by
equation (41) in which blast-wave theory is used.

To analyze the difficulty in the prediction of Cmg,B With equation (39)
of the present report, it is well to look closely at the prediction of the
pressure distribution over the entire body length. It is recalled that in the
derivation of equations (38) and (39) the pressure distribution was assumed to
vary linearly from the Prandtl-Meyer value at the shoulder to a blast-wave
value at the base. Unfortunately, it is difficult to assess this assumption
accurately from the pressure-distribution data of reference 30 (fig. 18(b)),
because of the apparent effects of flow separation on the measured pressures
rearward of about x/d = 1.7 (the approximate separation point based on the
criteria of ref. 31). It appears, though, that without separation the pressure
in front of the flare would be close to the predicted value of equation (30).
At any rate, the assumption of a linear pressure distribution from the Prandtl-
Meyer value at the shoulder to the blast-wave value at the flare appears to be
fairly good. It is likely then that the failure of equation (39) for the cylin-
der moment stems from the use in its derivation of an approximate expression
for the cylinder lifting-pressure coefficient (eq.(35)). This approximate
expression (eq. (35)) is probably applicable only near the nose-cylinder shoul-
der but is applied over the entire cylinder length. Equations (38) and (39) of
this report and those of Seiff (egs. (4%1) and (L42)) were all derived with this
approximate relation and, hence, should be applied with caution.

Theoretical stability as a function of speed and altitude.- Since the
static stability of a Polaris-type vehicle entering and flying within the
atmosphere is maintained by the flare, the variation of flare pitching-moment
coefficient with speed and altitude 1s of interest. In order to compute Cmg
however, the dynemic-pressure ratio apj/de must be determined (see eq. (17)).
For the assumption of attached equilibrium flow from the free-stream condition

S T




~SalEahavrr

across the how shock and to the flare, the variation of qFl/qm with v, was

computed for speeds from 8x10% ft/sec to 26x10° ft/sec at altitudes of O,
105,000, and 250,000 feet. The calculation procedure is demonstrated in the
appendix. For the same speeds and altitudes, values of qFl/qoo were also
computed from the ideal gas relation, equation (29). Since the values of 7y,
at the nose stagnation point were close to 1.2 for equilibrium flow at all
conditions, a constant value of 7 = 7, = 1.2 was used in the calculations
with equation (29). The results computed by these two procedures are in
reasonably close agreement, as shown in figure 19, and confidence in the use
of equation (29) for qFl/qDo is demonstrated. Large losses are predicted in
dynamic pressure from the free stream to the flare position. However, over
the speed and altitude ranges considered, q_Fl/q00 decreases only a small
amount with increasing speed, and there is little effect of altitude on the
dynamic-pressure ratio.

Effect of flow state on stability.- If the flow deviates considerably
from equilibrium or becomes frozen between the nose stagnation point and the
flare position, the qFl/qw ratio can be expected to change. Just how much,
of course, is important in the computation of the flare stability. To esti-
mate the maximum limits of uncertainty in qFl/qw’ additional calculations

have been made for the assumption of equilibrium flow to the nose stagnation
point and then an instantaneous change to frozen flow from this point to the
flare. Not only the chemical composition but the vibrational energy was
assumed frozen, and frozen values of 7 = 7¢, (as a function of Ztg: S
ref. 4) were used in equation (29) to compute values of qFl/qm‘ The pressure
relation (eq. (30)) from blast-wave analogy was assumed to be valid for both
equilibrium and frozen flows. The results for the equilibrium and frozen-flow
cases are compared in figure 20. It is very apparent that stability is
improved with frozen flow because of the larger values of qFl/qDO obtained

with the higher values of 7. In figure 21 the corresponding values of Cpm
for the flare alone are presented. These results, of course, reflect the
qFl/qOO results. They are not, however, exactly proportional, since the local
Mach numbers at the flare are slightly different for the frozen and equilib-
rium cases; hence slightly different values of cone normal-force coefficient
CNy,e @re used in equation (17) to compute Cp,. One can obtain estimates of
Cmg, for the complete vehicle by merely adding the approximate experimental
body-alone contribution (Cma,B ~ 0.1) to the flare values in figure 21.
Further research should be directed to the problem of predicting nonequilib-
rium and frozen-flow conditions from the nose to the flare of vehicles and the
precise effect of these conditions on stability.

CONCLUSIONS

Models representative of the Apollo and Polaris vehicles have been tested
at Mach number 17 in the Ames arc-heated aerodynamic wind tunnel. The Apollo-
type models were tested at angles of attack from 0° (cone forward) to 180°
(blunt face forward), and the Polaris—type models (all with a blunt nose but

' GNP 27



AN

with and without flare) were tested at angles of attack from about 0° to 12°.

Data from these tests have been used with data from other tests at lower Mach

numbers (above about 2) in a summary assessment of analytical methods for com-
puting the static aerodynamic coefficients of entry-type vehicles.

Por the Apollo-type vehicle the following conclusions have been reached:

1. The trends of the aerodynamic coefficients throughout the angle-of-
attack range can be estimated reasonably well by modified Newtonian theory,
although the absolute magnitudes of the coefficients at some angles of attack
are not satisfactorily predicted.

2. The primary trim angle of attack remains fixed throughout the Mach
number range at the value (o = 147°) predicted by modified Newtonian theory.

3. Trim lift-drag ratio remains close to that given by modified Newtonlan
theory (L/D &~ 0.5) which is constant throughout the Mach number range. A
slight decrease in measured L/D, however, is noted at the higher Mach numbers.

L, With the conical portion of the vehicle facing forward (o = 0°), the
experimental curve of axial-force coefficient versus Mach number is predicted
somewhat closer by the use of Newtonian theory for the blunt apex plus cone
theory for the conical surface than by modified Newtonian theory. Likewise,
with the blunt face forward (o = 180°), closer agreement of theory with
experiment is obtained by use of the method of NASA TN D-1423 than by modified
Newtonian theory.

5. At Mach numbers above about 3 the measured afterbody pressures for
the vehicle oriented with the blunt face forward (a = 150°) are two to three
times greater than those for the vehicle oriented with the conical portion
forward (o = 0°%); however, at lower supersonic Mach numbers there is little
or no effect of orientation on the afterbody pressures.

For the Polaris-type vehicle (with a blunt nose) the following con-
clusions have been reached:

1. The present study confirms previous research (e.g., NASA TM X-554) in
demonstrating the inadequacy of modified Newtonian theory for estimating 1ift
and static stability. Other methods (reviewed in this report) are available
which agree closer with experiment.

2. The flare contribution to the vehicle 1lift and stability can be
predicted reasonably well, but further research appears to be needed on the
accurate determination of the cylindrical-body contribution.

3. For high speeds at various altitudes in the earth's atmosphere, cal-
culated results indicate that a significant increase in stability can result
from a change in the body-flow state from eguilibrium to frozen.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., March 5, 1965
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APPENDIX

SAMPLE COMPUTATION OF DYNAMIC PRESSURE AT FLARE

OF POLARIS-TYPE VEHICLE FOR EQUILIBRIUM FLOW

Bow shock

Flare shock

Ug|
9ry ////

M, ¥
Uy — d
qCD \ i

Wind Tunnel Case

The following steps demonstrate the procedure for calculating qFl/q30

with the use of available charts for equilibrium air flow in a wind tunnel.
The calculation is based on the following set of test conditions:

M, = 17.2

hy, = 1000 Btu/lb

py, = 68 atm = 1000 1b/in.?
x =2.34a

Step 1.- For specified Mg, ht,, and Pty obtain pm/pt, ptz/Ptl’ and
qoo/ptl from reference 2 and compute

P, _ - _ -
D = <W,> py, = (4.20X1079)68 = 2.856x107° atn



“CUNMESE—

Py
= 2 -4 = -2
Pt <—Pt1> Py, = (1.65X107%)68 = 1.122x107% atm

= (5 v

Step 2.~ For known Dpy, (step 1) and ht, = hy

(9.0x1075)1000 = 9.0x10™2 1b/in.2

, obtain (from ref. 21)

Stg
= = 329
Ty, = 2000° K = 3600° R

and 7, = 1.26 from reference 22 for known by, and Ty, .

Step 3.- From equation (30) in the text,

2 1/2
Pm _ 0.85 £(7)M2Cpy
o0 X

d

+ 0.55

From modified Newtonian theory Cpy = 1:37, and for 7 = 7, = 1.26,
£(y) = 0.057 (interpolated from table in text). Then compute

Pry _ 0.85%0.057x(17.2)%x(1.37) M2 +0.55 = 7.71

P 2.34

Then

P
Ppp = <_pEl> P, = (7.71)(2.856x1075) = 2.20x107* atm

. S;?Q L.~ For known Pr (step 3) and sFl/R = s¢,/R (step 2) obtain (from
ref.

=
!

m = 395 Btu/lb

T = 810° K = 1458° R

30 SaNpepET—-




and
Zg =1
Step 5.- Then compute upy, Pp1, 4y, and qFl/qoo as follows:
upg = 223.6 /htz ~ hp = 223.6,/1000 - 355 = 5680 ft/sec
P . . -4 5
o, = L1.23k4 FL | 1.230@.2007° _ ) gepigo-7 slugs/ft>
F1 Zp T 1x1458
am = 5 epyip 2 = 5XL.862x1077X(5.68x10%)2
= 3.00 1b/ft® or 2.08x1072 1b/in.?
therefore

dpp _ 2.08x1072
%o 9.0x1072

= 0.231

Earth Atmosphere Flight Case

The following steps demonstrate the procedure for calculating qFl/qDo

with the use of available charts for equilibrium air flow in flight in the
earth's atmosphere. The calculation is based on the following specified
conditions:

18,000 ft/sec at 105,000 ft altitude

Uoo

2.34 4

]

X

Step 1.- For specified altitude obtain (from ref. 11)

8.781x107% atm

Peo

2. 747x107° slugs/ft2

1

Pe

RS,

31



~QiEE
h, = 9%.2 Btu/lb

8, = 9.TOLXLOZ ft/sec

and compute

8 9.751x102

O o R

2

Qo = 5 Potho = % (2.747x107°) (18x10°)2 = 4.450x10% 1b/rt2

j=

Step 2.- For specified altitude and wu, obtain (from ref. 11)

P, - 463
[ee]

hy

—2 = 70.0
b

and compute

I

Pt p4§?9==&7&xursw6ﬁ = 4.065 atm

oo

ht, = h“(%i?) = 94.2(70.0) = 6594 Btu/1b

Step 3.- For known pt, and hy, obtain (from ref. 21)

St

— = Lo.

7 7
T, = 6L05° K

and 7y, = 1.16 from reference 22 for known Py, and Ty, .
Step 4.- From equation (30),

f(y)MOOZCDNl/Z

+ 0.55

30 ooNpImE——




From modified Newtonian theory Cpy = 1.37, and for 7y = Ytn = 1.16,
f(y) = 0.048 (interpolated from table in text). Then compute

Pr1 _ 0.85%0.048x(18.46)3(1.37) /2
B, 2.34

+ 0.55 = 7.51

then

<£El p, = 7-51(8.781x1073) 6.59x1072 atm

Pm " \3,

Step 5.- For known pyp (step 4) and spp/R StZ/R (step 3) obtain (from

ref. 21)
hypy = 3380 Btu/lb
TpL = 3680° K = 6620° R
and
Zgp = 1.19
Step 6.~ Then compute Up > Ppps Q> and qFl/Q,DO as follows:
U = 223.6 /htz - hpy = 223.6J 6594 - 3380 = 12,670 ft/sec
p 2346, 072
o = 1.23h ——r - 22OV 7 g 63530075 slugs/red
Zp1Tr1 1.19%6620
_ 1 1 -~ 2
U1 = 3 PpUp1® = 5X1.032X1075x(12.67>X10%)" = 828 1n/ft?
therefore

FL . 828 . 0,186
4,  Bh50
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11.

12,

13.
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Figure 4.- Effect of total-enthalpy variation on pitot-pressure distributions
in tunnel test section.
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Moment reference

See figs. 6(d) and 6(e) for mounting orientation of
three models of d=5.00" and five models of d=2.25.

(a) Geometry of Apollo-type models.

Figure 6.- Models, balance, and mounting orientation.
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Support
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(b) Geometry of Polaris-type models.

Figure 6.~ Continued.




Components Used Rated Load, lb.
Front Normal Force t 2:5
Rear Normal Force + 2.5
Axial Force +10.0

(c) Photograph of six-component balance.

Figure 6.- Continued.
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A
Mounting A Mounting B
i
Approx.

d Mounting a range A, deg
A 0°-60° 30.0
B 60>150° 19,6
C 145°-180°  180.0

JV

Mounting C
(d) Mounting orientation of Apollo-type models on support; d = 5.00 in.

Figure 6.- Continyeq.
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Mounting D Mounting E

_____ m

Mounting F Mounting G

Approx.
Mounting a range A, deg

D 37°-60° 57.9
E 60°-100° 808
F 90°-110° 1004
G 120°-160° 1393
H 180° 180.0

(e) Mounting orientation of Apollo-type models on support; 4 = 2.25 in.

Mounting H

Figure 6.- Continued.
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Afterbody-pressure

11 t
\'Model , d=500 ube

(f) Afterbody-pressure measuring setup for Apollo-type model at a =

Figure 6.- Concluded.

180°.
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with and without an afterbody flare at M, = 17.2.
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Figure l2.- Variation of axial-force coefficients with Mach number for Apollio-
type vehicle at « = 0° and 180°.
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Figure 16.- Typical shadowgraph pictures of the flow over the Polaris
configuration at M, = 4.1 and Re = 1x10°.
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